We use two different methods, the Hirsch-Fye quantum Monte Carlo simulation and the slaveboson mean field analysis to estimate the effect of spin-orbit coupling on the Kondo temperature in a quantum wire. In quantum Monte Carlo simulation, we calculate the product of spin susceptibility and temperature for different spin-orbit couplings and impurity energies. The variation of the Kondo temperature is estimated via the low temperature universal curves. In the mean field analysis, the Kondo temperature is estimated as the condensation temperature of slave-boson. Both the two methods demonstrate that the Kondo temperature is almost a linear function of the spin-orbit energy, and that the Kondo temperature is suppressed by the spin-orbit coupling. Our results are dramatically different from those given by the perturbative renormalization group analysis.
I. INTRODUCTION
Spin-orbit coupling 1 (SOC), the interaction between a quantum particle's spin and the effective magnetic field induced by its (orbital) motion, has attracted much attention as an useful tool for the realization of spintronics in the last few decades [2] [3] [4] . In recent years, SOC plays an important role in the topological nontrivial quantum materials, e.g., topological insulator 5, 6 , topological superconductor 7 , quantum anomalous Hall effect 8 , Weyl semimetal 9 , Majorana fermion 10,11 , etc. Magnetic doping in these systems is an efficient method to tune and control the transport properties for some of these systems, e.g. breaking the time-reversal symmetry and inducing a finite band gap on the surface of topological insulator.
The Kondo effect in some of these SOC systems has been theoretically investigated 12 and experimentally confirmed 13 . However, as a fundamental problem, the effect of SOC on the Kondo temperature is still unclear as far as we know. In recent years, several theoretical works have investigated this problem [14] [15] [16] [17] [18] [19] [20] . By studying the standard Kondo model in a two-dimensional electron gas, Malecki 14 conclude that the Kondo effect is robust against Rashba SOC. However, it is demonstrated 15, 21 that the standard Kondo model in SOC systems is incomplete. Under a generalized Schrieffer-Wolff transformation of the Anderson impurity model in two-dimensional electron gas with Rashba SOC, Zarea et al. 15 find that, in addition to the usual Kondo interaction, these is another Dzyaloshinskii-Moriya interaction between the magnetic impurity and the conduction electrons. Using the perturbative renormalization group analysis, they conclude that the Kondo temperature is exponentially enhanced by the SOC. However, both the numerical renormalization group calculation 16, 18 and the quantum Monte Carlo simulation 20 show that the Kondo temperature is almost a linear function of the spin-orbit energy.
Recently, Sousa et al. 21 find that the effect of SOC on the Kondo temperature in the one-dimensional quantum wire is special due to the discontinuity of the fermi surface. In addition to the traditional spin-flipping scattering and the Dzyaloshinskii-Moriya interaction in SOC system, there is another process for one-dimensional quantum wire, the Elliott-Yafet scattering. The combination of these two processes, Dzyaloshinskii-Moriya interaction and Elliott-Yafet scattering, makes the Kondo temperature exponentially enhanced by the SOC. However, these conclusions are based on the perturbative renormalization group analysis, a non-perturbation study is still opening. In this paper, we use the HirschFye quantum Monte Carlo (HFQMC) simulation and the slave-boson mean field theory (SBMF) to study the single-impurity Anderson model in quantum wire with both Rashba and linear Dresselhaus SOC, and estimate the effect of the SOC on the Kondo temperature. The rest of the paper is organized as follows. We present the Anderson impurity model in Sec. II. The HFQMC simulations are given in Sec. III. Sec. IV presents the formulation and results of the SBMF analysis. A discussion is given in Sec. V.
II. MODEL HAMILTONIAN
The single-impurity Anderson model in quantum wire with Rashba and linear Dresselhaus SOC is formulated as, H = H wire + H dot + H hyb , where,
describes the quantum impurity, in which s =↑, ↓ refer to the spin-up and spin-down impurity states, n s = d † s d s is the occupation number of spin-s state, d † s and d s are the creation and annihilation operators of the spin-s impurity state, respectively. U is the Hubbard interaction between the occupied spin-up and spin-down states on the impurity energy level ε d . The Hamiltonian of the quantum wire is given by,
where k is the wave-vector of the conduction electron state along the z axis, ε k = 2 k 2 /2m * − E F is the kinetic energy represented with effective mass m * . E F is the Fermi energy. γ R and γ D are the Rashba and the linear Dresselhaus SOC. σ (x,y) are the first two Pauli matrices. c † ks and c ks are the creation and annihilation operators of the electron state with wave-vector k and spin s. The hybridization between the isolated impurity and the quantum wire is represented as,
where V k is the hybridization matrix element. Without loss of generality, we assume that the hybridization is short ranged, so that V k is wave-vector independent,
The conduction band electron states in the quantum wire can be integrated out to get the partition function of the impurity states,
where β = 1/k B T is the inverse temperature, k B is the Boltzmann constant. The effect of the conduction band electron states is included in the self-energy of the impurity states, Σ d . In the imaginary-frequency representation, the self-energy is given in the following form,
where Γ = ρV 2 is the hybridization strength in the conventional form, ρ is the density of states (DOS). ω n = (2n + 1)πk B T is the Matsubara frequency of Fermion. It is easy to check that, the total DOS of the non-interacting quantum wire, ρ(ε) = ρ ↑ (ε)+ρ ↓ (ε), is proportional to the imaginary part of Σ d (ε + i0 + ). In the non-interacting limit, U → 0, the imaginary-time free Green's function of the impurity state is given by the Fourier transformation,
Once we get the imaginary-time free Green's function, we can use the HFQMC method to solve the magnetic impurity problem. 
III. HIRSCH-FYE QUANTUM MONTE CARLO SIMULATION
In the HFQMC calculation, the Hubbard interaction is simulated by the statistical average over the auxiliary Ising pseudo-spin configurations. In the following numerical simulations, all of the results are averaged over 20 independent samples, and every sample runs over 2000 HFQMC loops after warm-up. HFQMC is numerical non-perturbative method, it is widely used in the previous works, i.e. the local moment of magnetic impurity 22, 23 , the competition between Kondo screen and Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction for two-impurity Anderson model 24, 25 , the local moment formation in dilute magnetic semiconductors 26 and graphene 27 , the RKKY interaction in a topological insulator 28 . Fig 1 shows four important static physical quantities, the particle number n = n ↑ + n ↓ , the square of local moment m 2 = (n ↑ − n ↓ ) 2 , the vacancy (1 − n ↑ )(1 − n ↓ ), and the double occupancy n ↑ n ↓ vs temperature. From this plotting, we find three results. Firstly, the particle number n = n ↑ + n ↓ ≈ 1, which demonstrates that the Hubbard interaction U = 1 is strong enough for the formation of local moment states. Secondly, the square of local moment, m 2 = (n ↑ − n ↓ ) 2 , has a maximum point at the intermedia region, 0.1 < T < 1, which demonstrates that the local moment is formed in this region and further screened in the strong correlation region, T < 0.1. Thirdly, the statistical error bars are plotted and most of them are too small to be observed, which demonstrates that 20 samples and 2000 loops for each sample are accurate enough for this problem. Now we consider the effect of SOC on the Kondo temperature. This situation has been studied in Ref. [21] by using the perturbative renormalization group method. Here we use the universal curve to study the problem. In (a) (c) 
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, the product kBT χ vs temperature for different impurity energies, spin-orbit energies: (a) energy ε the seminal paper [29] , the Kondo temperate is related to the product of temperature and impurity spin susceptibility via the following universal relationship,
where Φ is a universal function and the impurity spin susceptibility χ(T ) is defined as, Fig. 2 (a)-(c) show the product of temperature and spin susceptibility vs temperature for different parameters. According to Eq. (8), we keep the Y-axis unchanged and the X-axis rescaled, such that in the low temperature region (k B T < 0.1) the curves coincide to each other. The results are plotted in Fig. 2 (d)-(f). The rescaling defines the variation of the Kondo temperature T K (E γ )/T K (0) vs the spin-orbit energy, as shown in Fig. 3(a) . One can find that (a) the Kondo temperature T K is almost a linear function of the spin-orbit energy E γ , (b) the Kondo temperature is suppressed by the spin-orbit energy. This is qualitatively different from those given by the perturbative renormalization group theory, which show that the Kondo temperature is exponentially enhanced by the spin-orbit energy. Qualitatively, this is easy to understood. Fig. 3(b) shows the DOS for different spin-orbit energies. One can find that, the larger spin-orbit energy will induce a smaller DOS on the fermi surface, E F = 0.2, which demonstrates that a lower Kondo temperature is required to screen the local moment state. For the model (1)- (3), our non-perturbative simulations show that the variation of the Kondo temperature is dominated by the alternation of the DOS on the Fermi surface, rather than the Dzyaloshinskii-Moriya interaction or Elliott-Yafet spinflip scattering mechanism proposed in Ref. [21] .
IV. SLAVE-BOSON MEAN FIELD ANALYSIS
In order to be more persuasive, we use another approach, the SBMF method, to estimate the effect of the SOC on the Kondo temperature. SBMF is used in the previous studies of the Anderson impurity in the mixedvalence regime 30, 31 , the Anderson lattice model [32] [33] [34] , and (c) the low-energy physics in strong correlation systems such as the magnetic impurity resonance states in a d-wave superconductor 35 and iron-based superconductors 36 . We consider a strong on-site Coulomb interaction on the impurity, U → ∞. In this limit, only the empty state and the singly occupied states are allowed. An auxiliary boson field, is introduced to reformulate the annihilation and creation operators of the impurity state as, 
in the SBMF approximation, whereε d = ε d + λ 0 is the renormalized impurity energy andṼ k = b 0 V k is the renormalized hybridization strength. Following the procedure presented in Sec. III, we can finish the integration over the fermion states and get the partition function,
The free energy is given by,
where the renormalized self energy is,
The parameters λ 0 and b 2 0 are determined by minimizing the free energy F . We get the following expressions, 2
Taking the analytical continuation, iω n → ω + i0 + , we can rewrite these expressions in the real-frequency formalism,
where ρ d (ω) is the density of impurity states,
Σ(ω) is the analytical continuation ofΣ(iω n ), its explicit expression is given by,
where Θ(x) is the step function. The Kondo temperature T K is estimated as the T that makes the slave-boson parameter b 2 0 vanishing 33,34 , the condensation temperature of the slave-boson.
It is difficult to get the analytical solution of Eqs. (18)- (19), here we show the numerical results. Unless otherwise noted, in the following calculations we choose the Fermi energy E F = 0.2, impurity energy ε d = −0.5, and hybridization strength Γ = 0.05π. Fig. 4(a) shows the zero-temperature density of states of the impurity, ρ d (ω), calculated using the SBMF method. We find that, in addition to the Kondo resonance peak near the Fermi surface (ω = 0), there is another sharp peak. This additional peak is induced by the divergence of the density of states at the conduction band edge. One can find that, when the spin-orbit energy increases from E γ = 0 to E γ = 0.7, the sharp peak come from the conduction band edge is dramatically decreased. Meanwhile, the Kondo resonance peak gets more sharp, which demonstrates that the Kondo temperature is suppressed by the SOC. In order to get a more quantitative result, Fig. 4(b) shows b 2 0 as a function of the temperature T for several values of spin-orbit energies varying from E γ = 0 to E γ = 0.7. We find that b 2 0 is vanishing in the temperature region 0.01 to 0.1, and the Kondo temperature, T K , which is defined as the condensation temperature where b 2 0 = 0, is suppressed by the spin-orbit energy. Quantitatively, Fig. 4(c) shows the variation of T K vs spin-orbit energy E γ . One can find that the Kondo temperature is almost a linear function of the spin-orbit energy, and that T K is suppressed by the SOC. These results are consistent with the estimation from the HFQMC simulations.
V. DISCUSSION
In this paper, we use two different methods, the unbiased HFQMC simulation and the SBMF analysis to study the effect of SOC on the Kondo temperature in a quantum wire. Both the two methods show that the Kondo temperature is suppressed by the SOC, and that the Kondo temperature is almost a linear function of the spin-orbit energy. Our results are qualitatively different from the perturbative renormalization group analysis. In the perturbative renormalization group analysis, the Kondo temperature is always enhanced by the SOC, and an exponential enhancement is predicted.
For the linear dependence of T K on the spin-orbit coupling, our results are consistent with Refs. [16] and [20] . However, both Refs. [16] and [20] show that the T K can be enhanced or depressed by SOC in the two-dimensional electron gas system. For the one-dimensional quantum wire, we find that the Kondo temperature is always suppressed by SOC. This distinction comes from the explicit difference of the form of DOS in the two-dimensional electron gas and the one-dimensional quantum wire. For the two-dimensional electron gas, as shown in [16] and [20] , the DOS on the Fermi surface is invariant for different SOCs if E F > 0. Which makes the details of ε d , U , and Γ being important, and the Kondo temperature being either enhanced or suppressed by SOC. However, for the one-dimensional quantum wire, the DOS on the Fermi surface is variable for different E γ s. Further more, one can find from Fig. 3(b) that the DOS on the Fermi surface is a decreasing function of E γ . This influence dominates that the Kondo temperature is suppressed by the SOC.
